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Abstract

Adsorption desalination and membrane distillation are the only thermally driven desalination
technologies that can be undertaken at temperatures below 70°C. Adsorption desalination is
based on an adsorber whose performance primarily depends on the properties of the water
sorbent. Water sorption ionogel represents a novel class of materials offering a large working
capacity for desalination. In this study, water-sorptive ionogels were prepared and their
hydrothermal stability was assessed. The results show that Syloid 72FP silica-based ionogels
are hydrothermally stable. The ionic liquid EMIM Ac can be tightly confined in silica at
amounts of up to 50 wt% and still withstand high relative humidity and temperature swings.
Water uptake of the synthesized ionogel can be up to 1.64 Zyater gionoge{l at 90% RH, which is
~3 times of that of Syloid 72FP silica and ~4 times of that of activated carbon. The EMIM
Ac/Syloid 72FP ionogel thus exhibits features appropriate for adsorption desalination
systems.

Keywords: Ionic liquid; Silica; Ionogel; Adsorption desalination.

1. Introduction

Ionic liquids (ILs) are salts with a melting point below 100°C [1]. The physicochemical
properties of ILs can be finely tuned by a suitable choice of cation and anion. As a result,
these solvents can be designed for a particular application or to present a particular set of
intrinsic properties [2, 3]. Because of this advantage, ILs are used in catalytic reactions as
solvents [4], separation [5], in fuel cells as electrolytes [6] and as heat transfer fluids [7] as
well as in biotechnological and engineering processes [8]. For instance, Bates et al. reported a
novel IL that can readily and reversibly sequester CO, [9]. Heym et al. used ionic liquids to
dry gases by absorption[10]. Aken et al. expanded the operating potential window of
electrochemical capacitors based on the formulation of appropriate IL electrolytes [11].
Askalany et al. prepared silica supported IL composite material for high throughput
desalination and drying [12].

Desalination offers a solution to supplement the natural freshwater resources [13, 14].
Adsorption desalination (AD) is an emerging thermally driven method that is proven to be
energy efficient and environmentally friendly [15, 16]. Figure 1 shows a schematic diagram of
a two-bed adsorption desalination system. This system consists of four major components: a
condenser, two sorption beds, and an evaporator [17, 18]. Under two-bed operation mode, one
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sorption bed adsorbs while the second bed desorbs [19]. This allows the system to desalinate
continuously. The basic working principle of an AD cycle consists of water vapor sorption by
an unsaturated sorbent in one half-cycle period [20, 21] and sorbent regeneration in the next
half-cycle by heating it with a low temperature heat source in the range of 40—-85°C [22, 23].
Regenerated vapors from the desorber are condensed on the surfaces of the condenser and are
collected as potable water [24]. It is well known that the performance of the AD cycle
depends on the adsorbents [25, 26]. A considerable number of studies have been conducted on
adsorbents such as silica gel and zeolite [16, 17, 27-29]. Unfortunately, the regenerating
temperatures are usually >60°C [30, 31] which are not always available. Therefore, it is
desirable to find alternative adsorbents which can efficiently process large amounts of water
with low regenerating temperatures [32].
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Figure 1. Schematic representation of an adosprtion desalination system [33].

Most ILs, due to their ionic character, readily absorb water from the environment [34, 35]:
even hydrophobic ILs absorb traces of water very rapidly [36]. This interesting property can
be beneficial for use in AD. Except high hygroscopicity, ILs for adsorption desalination
should also have other unique properties, i.e., they should have negligible vapor pressure, be
nonflammable, show thermal and chemical stability in air and water, and be recyclable when
applied in AD [37]. One of the drawbacks of ILs is, however, that they are liquid, which limits
their application in many devices [38]. For real applications, ILs are even more useful if
immobilized in a solid porous matrix as a means to overcome leakage problems [39]. The
immobilization of ILs within organic or inorganic matrices results in composite materials
called ionogels [40, 41]. To immobilize an IL in a solid support, choice of the support type
and immobilization method is important. As for the support, silica nanoparticles have been
used in recent years as supports for the immobilization of ILs in order to improve their
applicability and reusability [42], because they are among the most popular porous materials
and exhibit a combination of excellent adsorption characteristics and high particle stability [4].
As for the immobilization method, chemical immobilization is often preferred for volatile
compounds because it prevents loss of the immobilized species, but it often incurs a high cost.
However, in immobilizing an IL for gas—solid applications, a relatively weak physical

2
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interaction between support and the IL may be adequate owing the very low volatility of the
IL [43]. A number of ionogels have been prepared using silica and physical immobilization
[39, 42, 44, 45], and their features such as ionic transport and viscoelastic properties have
been studied [46, 47]. Ionogels incorporating highly hygroscopic ILs can be potentially used
as adsorbents for AD but there have been few studies on the hydrothermal stability and
adsorption behavior of ionogels.

Thus, the purpose of this investigation is to synthesize ionogels with excellent stability and
adsorption behavior. We synthesized a series of ionogels using silica nanoparticles and EMIM
Ac by incipient wetness impregnation. The IL confinement of ionogels was verified to
achieve high IL loading and free-standing ionogels. The hydrothermal stability was examined
at two RH levels. Finally, the adsorption behavior was analyzed to clarify the feasibility of
using the ionogel for AD.

2. Materials and method

Syloid FP silicas are micronized synthetic amorphous silica gels of high purity. They have a
highly developed network of mesopores that provide access to their large surface area. The
unique combination of their adsorptive capacity, mesoporosity, particle size, and surface
morphology allow them to be used as supports for ionogels. During the compression cycle of
the tableting process, liquid ingredients can be forced to the surface or even be forced to
exude from the tablet. However, Syloid FP silica provides greater IL retention and prevents
the occurrence of the above problem. The properties of two Syloid FP silica nanoparticles
used in the study are compared in Table 1.

Table 1. Comparison of Syloid AL-1FP and 72FP.

Property Syloid AL-1FP Syloid 72FP
SiO; (dried basis) (%) 99.6 99.6
Average particle size (Um) 7.5 6.0
Oil adsorption (1 g/100 g) 80 220
Bulk density (g/L) 566 112
Average pore volume (mL/g) 0.4 1.2

The vapor-liquid equilibria of various ILs were reviewed and six typical ILs were selected to
compare their water uptake, as shown in Figure 2. Compared with other ILs, EMIM Ac shows
higher hygroscopicity throughout the entire RH range tested. Table 2 shows that EMIM Ac
has low vapor pressure, high thermal stability, and non-flammability. Thus, EMIM Ac was
selected for preparation of the ionogel in this study.
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Figure 2. Comparison of water sorption capacity of different ILs [48-52].

Table 2. Thermophysical properties of EMIM Ac at 20°C.

Property Value
Density[53] 1.1049 g/cm’
Viscosity[54] 91 mPa-s
Thermal conductivity[53] 0.221 (W/m'K)
Specific heat capacity[53] 1.8560 kJ/(kg-K)
Flash Point 164°C
Pyrolysis temperature[2] 221°C
Melting point[54] -45°C
Fire point[55] nonflammable

A simple and inexpensive physical immobilization method, incipient wetness
impregnation[56], was used in this study. Figure 3 schematically illustrates the process. The
silica particles and IL were dried for 24 h in a vacuum oven at 80°C before use. EMIM Ac
and a volatile solvent—deionized water—were mixed in a vial, and then the solid support
(Syloid silica) and functional material (a binder in this case) were added into the vial. The
impregnation was completed by mechanical mixing until homogeneity was achieved. The
obtained samples were heated at 80°C to evaporate the volatile solvent (i.e., water) until there
was no change in the mass. Then, the samples were sealed in glass vials. The obtained
samples were again dried for 24 h under vacuum and heating at 80°C prior to use for each
measurement. All ionogels were prepared under ambient laboratory conditions. A handheld
ionogel-preparation device was used to press the ionogel powder into regular ionogels. The
diameter and height of the ionogel sample were 6 mm and 2.5—4 mm, respectively.

IL confinement was visually inspected after the ionogel had been prepared freshly. To verify
the hydrothermal stability of the ionogel, cyclic adsorption—desorption tests were carried out
at room temperature. These tests were conducted at two RH levels. One cycle includes

4
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adsorption and desorption. The adsorption time was 12 h at 60% RH while the adsorption
time at 80% RH was 5 h. The samples were dried at 80 °C for desorption. The mass and
morphology after adsorption and desorption were recorded at a regular interval.

Dynamic vapor sorption (DVS) is a well-established method for the determination of vapor
sorption isotherms[57]. Adsorption equilibrium at 25 °C was recorded using a DVS
automated gravimetric sorption analyzer (Surface Measurement Systems Ltd., London, UK).
The instrument has a working humidity range of 0-98% RH with a sensitivity of 0.1 pg. The
relative concentration around the sample was controlled by mixing saturated and dry carrier
gas (N in this case) streams using mass flow controllers. Prior to being exposed to any vapor,
the samples were equilibrated for 6 h at 0% RH to remove any surface water present and
establish a dry baseline mass. At each RH, the sample mass was allowed to reach equilibrium
before the partial pressure was increased.

Ionic Volatile Functional Solid Volatile
Liquid Solvent Mat<ial Support SoInt
L/ ‘ /

Iy 7 .
| N Impregnation \/; won  Heating
[N f — (Yool
B 2
\ P 4 ¢ @i—é—g/ﬁ

Figure 3. Procedure for preparing the ionogel.
Specifications of materials and devices used in the study are summarized in Table 3.

Table 3. Specifications of experimental materials and devices.

Name Supplier Purity/Precision
Syloid AL-1FP Grace 99.6%

Syloid 72FP Grace 99.6%

EMIM Ac Sigma Aldrich 95.0%
Deionized water Self-produce

Balance Sartorius, ED224S 0.1 mg

Thermo  Fisher  Scientific,

0.1°C
Heraeus vacutherm

Oven

DVS automated gravimetric

. Surface Measurement Systems
sorption analyzer

3. Results and discussion

3.1. IL confinement stability

Six ionogels with different EMIM Ac/silica mass ratios were prepared to examine the IL
confinement stability. Table 4 compares the IL confinement stabilities of ionogels with
different formulations at 60% RH. After EMIM Ac immobilization, the silica particles
maintained a white color. Further addition of silica increased the hardness of the ionogels. The
ionogels changed from transparent and white to opaque white with increasing amounts of

5
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silica. For Syloid AL-1FP, when the proportion of EMIM Ac increased to 55 wt.%, the
ionogel 45/55 Syloid AL1-FP/EMIM Ac was very soft and could not be self-standing; When
the proportion of EMIM Ac decreased to 50 wt.% and 45 wt.%, the ionogels were compliant
and maintained their original shape. Therefore, it can be inferred that the loading maximum of
EMIM Ac in Syloid AL-1FP-based ionogel with good confinement was about 50 wt.% when
the ionogel was freshly synthesized. For Syloid 72FP, as the IL proportion of ionogel
decreased from 70 wt.% to 50 wt.%, the color of ionogel changed from light white to bright
white. When the ionogels had been freshly prepared, all ionogels showed good IL
confinement. It was observed that the mixture of 80 wt.% EMIM ac and 20 wt.% Syloid 72FP
was a white slurry. Therefore, the maximum loading of EMIM Ac in Syloid 72FP can be
considered to be about 70 wt.% when the ionogel is freshly prepared. It can be concluded that
stable ionogels under ambient conditions can be obtained by five formulations out of the six
tested, with the exception of 45/55 Syloid AL-1FP/EMIM Ac.

Table 4. Comparison of IL confinement stability of ionogels with different formulations at

60% RH.
D Formulation Initial Exposed in 60% RH air for
photo 12 h
| 45 wt.% Syloid AL-1FP, 55 wt.% ‘
EMIM Ac
Py
) 50 wt.% Syloid AL-1FP, 50 wt.% 5
EMIM Ac '
; 55 wt.% Syloid AL-1FP, 45 wt.% |
EMIM Ac
4 30 wt.% Syloid 72FP, 70 wt.% EMIM =
5 40 wt.% Syloid 72FP, 60 wt.% EMIM
Ac ’
6 50 wt.% Syloid 72FP, 50 wt.% EMIM
Ac

To further examine the stability of the ionogel, five other ionogels were exposed in air for 12
h. Obviously, the ionogel color for the 30/70 Syloid 72FP/EMIM Ac changed from opaque
white to transparent white, the surface of this ionogel appeared moisturized with a small

6
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amount of IL leakage, suggesting poor IL confinement. lonogels 2, 3, 5, and 6 (in Table 4)
showed good confinement stability at 60% RH. Therefore, when the proportion of silica
nanoparticles was higher, the IL confinement was better. This is because the pore volume and
surface area increase with increase in the amount of silica nanoparticles, which provides
sufficient binding between the silica nanoparticles and the IL. In addition, Syloid 72FP can
confine more IL in the ionogel than Syloid AL-1FP. This is due to the larger pore volume of
Syloid 72FP compared to that of Syloid AL-1FP. Therefore, the ionogels 50/50 of Syloid
AL-1FP/ EMIM Ac and 40/60 Syloid 72FP/EMIM Ac can be used to obtain with good IL
confinement at 60% RH.

Nevertheless, in order to obtain high adsorption performance, more IL is required in the silica
network. According to this requirement, the ionogels 50/50 of Syloid AL-1FP/ EMIM Ac and
40/60 Syloid 72FP/EMIM Ac were considered suitable. When an ionogel is used in AD, it is
usually exposed to RH values of >70%. Thus, it is necessary to check the confinement
stability in high-RH environments. As shown in Table 5, after exposure to 80% RH for 5 h, a
large amount of liquid formed around the ionogels 50/50 of Syloid AL-1FP/ EMIM Ac and
40/60 Syloid 72FP/EMIM Ac. To verify if the liquid on the surface was condensed water or
ionic liquid, the liquid was removed and the ionogel was dried and weighed again. The mass
of the ionogel 40/60 Syloid 72FP/EMIM Ac decreased from 0.0884 g to 0.0728 g. Thus, it
can be concluded that the liquid on the surface was a mixture of water and EMIM Ac.

3.2. Hydrothermal stability

An essential feature for AD is the stability of the material in use after cycles of high/low RH
being applied. Therefore, the ionogels 50/50 of Syloid AL-1FP/ EMIM Ac and 40/60 Syloid
72FP/EMIM Ac were exposed to 80% RH for 5 h, and then dried for 1 h at 80°C. As shown in
Table 5, the ionogels 50/50 of Syloid AL-1FP/ EMIM Ac fragmented, losing stability, while
the ionogel 40/60 Syloid 72FP/EMIM Ac remained intact although still leaking.

Table 5. Ionogel stability toward water and IL confinement stability at 80% RH.
Initial Exposed in 80% RH  Drying for 1 h at
photo air for 5 h ~ 80°C

Formulation

50 wt.% Syloid AL-1FP, 50
wt.% EMIM Ac

40 wt.% Syloid 72FP, 60 wt.%
EMIM Ac

One way to solve the leakage issue involves removing the leaked liquid and repeating the
hydration/dehydration cycles until leakage disappears (aging process). Therefore, the ionogel
40/60 Syloid 72FP/EMIM Ac was exposed to an 80% RH environment to adsorb water vapor
for 5 h, and then the leaked liquid was removed and the ionogel was dried in oven for 1 h at
80°C. This process was repeated until no leakage occurred, after two cycles (Figure 4). The

7



O ~J o Ul WD

OO OO OOYUT U U1 U U OrOrTOrTUOTUd D BB DDDWWWWWWWWWWNDNDNDNDNDNDNDNDNdDNRERPRPRRRRRRR
GO WNFPFOWOWJOHUEd WNRPEPOWOJIOHUd WNEPOWLO-JOHUPd WNEFEFOWOWJIOU P WNEOWOWJIO0Ud WNE O W

proportion of water first increased and then remained steady at a certain value with increasing
adsorption time for every cycle, and the final proportion of water decreased from 76.58 wt.%
to 61.79 wt.% between cycle 1 and cycle 3. The sharp decrease in water uptake between
different cycles further demonstrated that the leaked liquid around ionogels was partly IL.
Indeed, the amount of IL decreased by 11.4% and only 48.60 wt.% of EMIM Ac was retained
in the ionogel after 3 cycles (Figure 5) and, as shown in Figure 5, the ionogel remained intact
and stable after 3 cycles. Therefore, the 50/50 Syloid 72FP/EMIM Ac composite was
hydrothermally stable.
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Figure 4. Adsorption capacity of aged ionogel 40/60 Syloid 72FP/EMIM Ac at 80% RH.
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Figure 5. Residual proportion of IL of aged ionogel 40/60 Syloid 72FP/EMIM Ac at 80% RH.
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A second way to solve the leakage issue is to decrease the proportion of IL in the ionogel from
the beginning, but higher silica contents can lead to brittle ionogels. To resolve this issue, a
small amount of water was added to ionogel to bind it before drying it. Based on cycle tests, it
was concluded that the ionogel 50/50 Syloid 72FP/EMIM Ac did not leak. Thus, an ionogel
with this formulation was tested for the confinement stability and stability toward water vapor
adsorption. As shown in Figure 6, no leakage or fragmentation was observed after exposing
the ionogel to 80% RH for 6 h and drying for 1 h at 80°C. The color of the ionogel changed
over the cycles from white to transparent and returned to the original white after drying for 1
h. The water uptake increased and then leveled at 60.03% while the sorption rate showed the
opposite trend. To examine the reversibility of the hydration process, the behavior of the
ionogels subjected to a range of dehydrating conditions was observed. The ionogel 50/50
Syloid 72FP/EMIM Ac was tested for 3 cycles, as shown in Table 6. During every cycle, the
ionogel was placed in 60% RH air for 12 h to adsorb moisture and then dried in oven at 80°C
for 2 h. During drying, the ionogel changed from transparent white to opaque white. In
addition, the ionogel remained intact during the entire process. The temperature swing did not
affect its appearance and integrality. This demonstrates that the ionogel 50/50 Syloid
72FP/EMIM Ac shows good thermal stability at 60% RH.
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Figure 6. Adsorption performance of ionogel 50/50 Syloid 72FP/EMIM Ac at 60% RH.

Table 6. Thermal stability test results for ionogel 50/50 Syloid 72FP/EMIM Ac at 60% RH.
Cycle
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Desorption

Next, the two ionogels were exposed to high-RH environments to check their stability. As
shown in Figure 7, 50/50 Syloid 72FP/EMIM Ac was found to be stable when exposed to
high-RH air. The ionogel remained intact and no leakage occurred. As for the reversibility of
the adsorption and desorption process, the water uptakes observed for the three cycles were
very close, and when the hydrated ionogels were removed from the presence of water vapor
and left in an oven at 80 °C, the ionogel underwent fast dehydration. The adsorption reached
an equilibrium after 5 h. The sorption rate decreased gradually with increasing adsorption
time. The water uptake during the first hour was almost half of the total water uptake. These
results are consistent with other studies demonstrating that the solid ionogel retains the
thermal properties of the IL upon confinement [40, 58]. The results also suggest that Syloid
72FP exhibits adequate gelling properties, reduces the friability of the samples, and improves
their hardness and structural stability. A compliant ionogel can be obtained by pressing it with
EMIM Ac and Syloid 72FP. Thus, 50/50 Syloid 72FP/EMIM Ac, which exhibited good
hydrothermal stability at high RH, can be used as an adsorbent in AD.
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Figure 7. Hydrothermal stability and sorption properties of 50/50 Syloid 72FP/EMIM Ac at
80% RH.

3.3. Adsorption capacity

Adsorption capacity is the most important thermodynamic property in AD [56, 59]. The
average sorption rates throughout the aging process of the ionogel 40/60 Syloid 72FP/EMIM
Ac were calculated to illustrate the influence of the amount of IL and aging process on the
sorption rate. The calculations were based on mass change of ionogel during every interval.
Figure 5 shows that the proportions of EMIM Ac in the ionogel were 60 wt.% for cycle 1,
51.43 wt.% for cycle 2, and 48.23 wt.% for cycle 3. Figure 8 shows that the sorption rate
degraded in the order cycle 3 > cycle 2 > cycle 1 in the first hour. However, the sorption rate
increased in the order cycle 3 < cycle 2 < cycle 1 in the following four hours. Syloid 72FP
showed a highly developed network of mesopores that provided access to a large surface area.
When the ionogel formed, the IL filled most of the pores. However, it was crucial to maintain
a certain porosity, which helped water vapor transfer into the ionogel. In the ionogel with less
IL water vapor can diffuse into IL very fast. A comparison between the adsorption behaviors
of aged 1onogels 40/60 Syloid 72FP/EMIM Ac (Figure 8) and 50/50 Syloid 72FP/EMIM Ac
(Figure 6) showed that they exhibited almost the same water uptake (about 60.00%) after
attaining adsorption equilibrium. In the first hour, the sorption rates showed obvious
differences: this is because aged ionogel 5 had a higher porosity due to IL loss owing to water
vapor dispersion into the IL.

ael

Sorption rate (1 0'3g H,O/(g,, *min))

1 1 1 | 1 1
0 1 2 3 4 5 6

Time (hour)

Figure 8. Sorption rate of ionogel 40/60 Syloid 72FP/EMIM Ac and aging process.

The adsorption isotherms of EMIM Ac, the ionogel 50/50 Syloid 72FP/EMIM Ac, silica gel,
and activated carbon [60] at 25°C are outlined in Figure 9. The adsorption isotherms of
EMIM Ac and the ionogel were type III with a characteristic linear uptake at low vapor
concentrations (below 50% RH) and a strong increase in adsorption at higher vapor
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concentrations (above 50% RH). At a lower RH, the hydroxyl group of water preferentially
interacted with the carbonyl group of the anionic part of EMIM Ac [61]. These adsorbed
water vapor molecules then acted as secondary sites for further water adsorption, and
hydrogen bonds between water vapor molecules formed at a higher RH. This type of isotherm
was observed because the water vapor interacted with the ionogel in an energetically
comparable manner (i.e., showing a heat of sorption similar to the heat of condensation). This
caused only very few molecules to adsorb at a low RH (they prefer to interact loosely in the
vapor phase) followed by condensation at a higher RH on the few initially adsorbed
molecules. Such an effect can be described as cluster formation since there is no monolayer
formation occurred. Because of this property, water vapor easily desorbed from the ionogel,
indicating a low regeneration temperature and fast desorption in the AD system. As for the
adsorption capacity, the water uptake of the ionogel was 1.64 guyater gionoge{l while the water
uptake of EMIM Ac was 1.98 gyater gIL'] at 90% RH. Because the water uptake of silica
nanoparticles is far less than that of EMIM Ac, EMIM Ac in the ionogel contributes to the
majority of the water uptake. In addition, only 50 wt.% EMIM Ac was confined in the ionogel,
and the adsorption capacity of the ionogel was lower than that of pure EMIM Ac. This
suggests that the adsorption capacity is controlled by the amount of IL in the ionogel.
Compared with that of Syloid 72FP silica and activated carbon, the water uptake of the
ionogel was ~3 and ~4 times at 90% RH, respectively.

250
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4 50 wt.% EMIM Ac ionogel ;‘
Q v Activated carbon r
<150 - ,.(. A
k- I
g f
= 100 | /
b /
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< P g / yd
¥ : ,
2 50 | ‘/./r' B A/"/ P
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RH (%)
Figure 9. Adsorption isotherms of EMIM Ac, 50 wt.% EMIM Ac ionogel, Syloid 72FP, and
activated carbon at 25 °C.

4. Conclusion

In this study, we analyzed the influence of formulation and preparation of silica
nanoparticle-based ionogels on their features such as their confinement stability, thermal
stability, water stability, and adsorption capacity. Four conclusions could be obtained: 1)
incipient wetness impregnation can be used to prepare silica/IL composite ionogel; 2) a
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composition of 50 wt.% EMIM Ac and 50 wt.% Syloid 72FP was the most suitable
formulation for obtaining a well-confined and hydrothermally stable ionogel; 3) the sorption
rate and adsorption capacity increased with increase in the RH; 4) water uptake of the
synthesized ionogel was ~3 times of that of Syloid 72FP silica and ~4 times of that of
activated carbon at 90% RH. These results suggest that the prepared ionogel shows great
potential for adsorption desalination.
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